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In one of the earliest events in human cytomegalovirus (HCMV)-infected cells, the major immediate-early
(IE) protein IE1 initially targets to and then disrupts the nuclear structures known as PML oncogenic domains
(PODs) or nuclear domain 10. Recent studies have suggested that modification of PML by SUMO is essential
to form PODs and that IE1 both binds to PML and may disrupt PODs by preventing or removing SUMO
adducts on PML. In this study, we showed that in contrast to herpes simplex virus type 1 (HSV-1) IE110
(ICP0), the loss of sumoylated forms of PML by cotransfected IE1 was resistant to the proteasome inhibitor
MG132 and that IE1 did not reduce the level of unmodified PML. Reduced sumoylation of PML was also
observed in U373 cells after infection with wild-type HCMV and proved to require IE1 protein expression.
Mutational analysis revealed that the central hydrophobic domain of IE1, including Leu174, is required for
both PML binding and loss of PML sumoylation and confirmed that all IE1 mutants tested that were deficient
in these functions also failed both to target to PODs and to disrupt PODs. These same mutants were also
inactive in several reporter gene transactivation assays and in inhibition of PML-mediated repression. Im-
portantly, a viral DNA genome containing an IE1 gene with a deletion [IE1(�290-320)] that was defective in
these activities was not infectious when transfected into permissive fibroblast cells, but the mutant
IE1(K450R), which is defective in IE1 sumoylation, remained infectious. Our mutational analysis strengthens
the idea that interference by IE1 with both the sumoylation of PML and its repressor activity requires a
physical interaction with PML that also leads to disruption of PODs. These activities of IE1 also correlate with
several unusual transcriptional transactivation functions of IE1 and may be requirements for efficient initi-
ation of the lytic cycle in vivo.

Human cytomegalovirus (HCMV), a member of the beta-
herpesvirus subfamily, typically causes nearly ubiquitous
asymptomatic latent or persistent infections. However, primary
infections of newborns and reactivation from latent infection in
immunocompromised individuals, including recipients of or-
gan transplantation and patients with AIDS, can lead to life-
threatening problems with overt systematic and chronic disease
(56, 65). During lytic cycle infection, HCMV gene expression
occurs in a three-step sequential fashion with immediate-early
(IE or �), delayed-early (DE or �), and late (L or �) kinetics.
Among the IE proteins, two nuclear regulatory phosphopro-
teins, IE1 (or IE72) and IE2 (or IE86), are the first and most
abundantly expressed proteins and are synthesized by differ-
ential splicing from the same complex overlapping transcrip-
tion unit within the major IE (MIE) locus (56).

The 72-kDa IE1 protein (491 amino acids) is encoded by

exons 1, 2, 3, and 4 (UL123), whereas the 86-kDa IE2 protein
(579 amino acids) is encoded by exons 1, 2, 3, and 5 (UL122),
and the two proteins share 85 amino acids at the N terminus.
IE2 is a specific DNA-binding protein that is essential for lytic
cycle progression and directs transcription of downstream DE
and L gene expression (52), and it may have multiple roles in
the process of preparing the cell for progeny virus production.
In contrast, studies using a mutant HCMV that lacks the entire
exon 4 of IE1 revealed that although IE1 is important for
progression of productive infection in permissive primary hu-
man fibroblast (HF) cells at low multiplicities of infection
(MOI), it is not essential in cell culture at high MOI (24, 57).
This defect of IE1 mutant virus infection in HF cells at low
MOI has been attributed to a failure or delay in accumulation
of viral DE gene products, and although the level of accumu-
lation of IE2 protein was comparable to that for the wild-type
virus, IE2 displayed an altered intranuclear localization pat-
tern (3, 24, 57). Similar defects of the mutant virus were also
observed after infection of U373 cells or of a U373-derived cell
line overexpressing PML even at high MOI (3). A more recent
study showed that the absence of IE1 during low-MOI infec-
tion leads to a reduction of accumulation of a broad range of
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DE mRNAs, suggesting that IE1 plays an important role in
transactivation of DE genes at low MOI (23). One or both of
the MIE proteins may also be involved in regulating the switch
between latent and lytic infection (56).

Whereas IE2 has all of the characteristics of a typical hy-
drophilic nuclear transcriptional transactivator protein, in con-
trast, the earlier and more abundantly expressed IE1 protein is
largely hydrophobic except for a highly acidic C-terminal do-
main but is also exclusively nuclear in intracellular localization
and associates with metaphase chromosomes (42, 79). Under
some conditions IE1 may positively autoregulate the MIE pro-
moter through upstream NF-�B sites (17, 71), and a recent
study showed that IE1 selectively induces nuclear RelB and
p50 among NF-�B/Rel factors in vascular smooth muscle cells
(34). Another aspect of the influence of IE1 on viral gene
expression is its ability to synergistically augment the IE2-
mediated transactivation of several viral DE genes in transient-
cotransfection assays (14, 36, 40, 50, 51, 75). IE1 also activates
some cellular promoters relatively weakly in reporter gene
assays, including DNA polymerase � (Pol �), dihydrofolate
reductase, and prointerleukin1�, and the human immunodefi-
ciency virus long terminal repeat (LTR) and mouse mammary
tumor virus (MMTV) LTR (27, 29, 38, 53, 78). Activation of
the dihydrofolate reductase gene by IE1 may involve direct
interaction with E2Fs and pocket proteins and their phosphor-
ylation by an associated kinase activity of IE1 (53, 63, 69). IE1
was also suggested to activate AP-1 activity through a pathway
involving MEKK1 (39). Direct protein interactions of IE1 with
cellular transcription factors such as the hTAFII130 compo-
nent of TFIID, SP-1, and CTF-1 have also been reported (27,
49, 50, 81).

A separate group of studies have demonstrated that IE1
transiently targets to the PML-associated nuclear bodies
known as PML oncogenic domains (PODs), PML nuclear bod-
ies, or nuclear domain 10 within the first 2 h after infection,
and subsequently PML, Sp100, SUMO, and IE1 are all dis-
placed from the PODs into the nucleoplasm within 3 to 4 h
after wild-type virus infection (2, 4, 41, 79). PODs have been
proposed to be involved in multiple cellular functions, includ-
ing cell proliferation, transcriptional regulation, apoptosis, in-
terferon responses, and maintenance of genome stability (12,
58, 70, 77, 83). Both PML and Sp100 are posttranslationally
modified by covalent conjugation (sumoylation) with the small
ubiquitin (Ub)-like modifier-1 protein (SUMO-1). Recent
studies demonstrated that sumoylation of PML is required for
its own punctate nuclear localization pattern and to form the
mature PODs where other cellular proteins such as Sp100,
Daxx, and CBP are recruited (31, 44, 48, 82). Furthermore,
both IE1 and IE2 proteins are also both partially conjugated to
SUMO-1 and possibly SUMO-2 in both infected and trans-
fected cells (6, 28, 74, 80).

The integrity of PODs also appears to be affected by infec-
tion by most other DNA viruses, including adenovirus (13, 19,
43), herpes simplex virus type 1 (HSV-1) (22, 54, 55), and
Epstein-Barr virus (1, 9), leading to disruption or reorganiza-
tion of POD proteins at early times after lytic infection. The
exact role of POD disruption by the regulatory proteins of
DNA viruses is not clear as yet. However, the importance of
POD disruption at very early times after virus infection is
suggested by the findings that input simian virus 40, HSV-1,

and HCMV viral genomes are deposited at the periphery of
the PODs in infected cells; that HCMV IE transcripts are
detected near the PODs (30, 32); and that initiation of forma-
tion of HCMV DNA replication compartments also occurs in
IE2-positive domains adjacent to the PODs (5). Furthermore,
in the absence of IE1 and in the presence of overexpressed
PML, a large proportion of the HCMV IE2 protein, which
normally transits rapidly through the PODs, either accumu-
lates in or becomes trapped in the PODs for up to 36 h after
infection (3). We also showed that in mammalian GAL4 fusion
gene reporter assays with cotransfected cells, IE1 completely
inhibits the powerful transcriptional repression function of
PML (80).

Muller and Dejean originally showed that HCMV IE1 and
HSV-1 IE110 can both cause the loss of sumoylation of co-
transfected PML in DNA transfection assays with HeLa cells,
suggesting that POD disruption in both virus infections may
correlate with the ability of these two viral proteins to block the
addition of or to remove SUMO from PML (60). The RING
finger containing HSV-1 IE110 protein is now also known to
have possibly two distinct intrinsic Ub E3 ligase activities,
which are postulated to lead to proteasome-mediated degra-
dation of PML, CENP-C, CENP-A, and the catalytic subunit
of DNA protein kinase (11, 26, 76). PML (but not HCMV IE1)
is also a RING finger protein, although no Ub E3 ligase activity
has yet been ascribed to it. PML has several differentially
spliced isoforms, and we have previously worked almost exclu-
sively with the 560-amino-acid form, PML VI. However, the
633-amino-acid form, PML IV, contains an additional C-ter-
minal domain that binds to p53 and certain histone deacety-
lases, and therefore we chose to include it in our current
studies.

In the present study we set out to characterize the ability of
HCMV IE1 to block or remove SUMO adducts from PML in
comparison with this property of IE110. We also mapped do-
mains of IE1 required for binding both to PML and for causing
the loss of sumoylation of PML to investigate whether there is
any correlation between IE1-PML interactions with POD and
SUMO disruption. We also asked whether there might be a
correlation between those activities and the various transacti-
vation and derepression functions ascribed to IE1 and whether
those activities are required for infectivity of the genome when
the DNA alone is transfected into permissive cells.

MATERIALS AND METHODS

Cell culture and virus infection. Vero cells, HeLa cells, 293T cells, and
U373-MG cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum. To generate stable U373 cells expressing
hemagglutinin (HA)-tagged PML IV, a 633-amino-acid version of PML (33),
monolayer cultures of the parental U373-MG cell line in six-well plates were
transfected with 0.02 �g of plasmid pSV2-Neo plus 0.4 �g of plasmid pUS109 by
use of Lipofectamine 2000 reagents (Invitrogen). After 3 days the cells were
replated into 100-mm-diameter dishes and grown in the presence of 1 mg of
G418 per ml. About 100 neomycin-resistant colonies were pooled and used for
the experiments.

Virus stocks for wild-type HCMV(Towne) and IE1 deletion mutant HCM-
V(CR208) (24) were prepared as previously described (2). For experiments with
immunoblot analysis after virus infection, U373 cells were seeded into six-well
plates at 2 � 105 cells per well. On the next day, the cells were mock infected or
infected with HCMV(Towne) or HCMV(CR208) at an MOI of 2.

Plasmid construction. Expression plasmids pCMX-PML, encoding PML VI (a
560-amino-acid version of PML), and pSG5-PML IV, encoding a 633-amino-acid
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version of PML (33), were provided by Ronald M. Evans (The Salk Institute, San
Diego, Calif.) and Kun-Sang Chang (The University of Texas M.D. Anderson
Cancer Center, Houston), respectively. Expression plasmids for 5� HA-tagged
PML VI (pUS112) or 5� HA-tagged PML IV (pUS109) were generated on a
pSG5 (25) background by using the Gateway technology (Invitrogen).

Mammalian expression plasmids pJHA303 encoding wild-type IE1(1-491),
pJHA304 for IE1(1-346), pJHA307 for IE1(1-231), and pJHA308 for IE1(	132-
274) were generated by moving the cDNA fragments into a pSG5 background
from yeast GAL4-A fusion plasmids pJHA239, pJHA300, pJHA255, and
pJHA251 (2). pJHA346, encoding IE1(	290-320), was generated by deleting the
SpeI fragment from pJHA303. pJHA423, encoding IE1(1-420), was generated by
deleting the C-terminal region by PCR mutagenesis in a pJHA303 background.
pJHA305, encoding IE1(	1-85), was generated by placing the PCR fragment
containing the entire exon 4 into pSG5. The IE1(L174P) gene in pYX145 and the
IE1(K450R) in pYX118, encoding point mutant IE1 proteins, were described
previously (80). Expression plasmid pGH92, encoding IE110(ICP0) of HSV-1,
and plasmid pGR169, encoding IE68(ICP22) of HSV-1, were described previ-
ously (59, 62). pJHA312, expressing Flag-tagged SUMO-1 in the pSG5 back-
ground, was described previously (6).

Yeast plasmids expressing the GAL4-DB/PML VI fusion (pJHA238) or
GAL4-A/IE1(wt) (pJHA239) were previously described (2). Plasmids expressing
GAL4-A/IE1(	290-320) (pJHA404) and GAL4-A/IE1(1-420) (pHR50) were
generated by using the Gateway technology. Point mutations GAL4-A/
IE1(L174P) in pYX146 and GAL4-A/IE1(K450R) in pYX144 were generated
from pJHA239 with the Stratagene QuickChange site-directed mutagenesis pro-
tocol.

Reporter plasmid pLA12, containing the HCMV UL54(Pol)-luciferase re-
porter gene, and plasmid containing (GAL4)5/TK-LUC were previously de-
scribed (6). Plasmid pMMTV-LUC, containing MMTV LTR-luciferase, and
plasmid pDPAL	5�, containing the human DNA Pol �-luciferase reporter gene,
were gifts from Jae-Kyun Shin (Sungkyunkwan University, Suwon, Korea) and
from Teresa Wang (Stanford University, San Francisco, Calif.), respectively.

BAC mutagenesis. The reagents for conjugal transfer of sequences to bacterial
artificial chromosome (BAC) DNA in Escherichia coli and the Towne HCMV-
BAC (T-BAC) clone (52) were provided by H. Zhu (University of Medicine and
Dentistry of New Jersey). Plasmid pRL45 contained a 6.6-kb SalI-EcoRI
genomic DNA fragment harboring the complete MIE region (68) and was used
as the template in IE1 mutagenesis. To create transfer vectors to mutate UL123
from HCMV, a 4.1-kb PvuII-SalI restriction fragment containing the
IE1(K450R) allele or a 2-kb SacI-BamHI restriction fragment containing the
IE1(	290-320) allele was cloned into pGS284, a derivative of the positive suicide
selection vector pCV442 (52). The equivalent restriction fragments containing
the wild-type IE1 allele were also cloned into pGS284 and used to rescue the
UL123-mutated BACs. The procedure for conjugative transfer has been de-
scribed elsewhere (18, 73). Briefly, to transfer DNA sequences in pGS284 to
T-BAC, E. coli S17-
pir containing the GS284 donor plasmid was conjugated
with a RecA� derivative of E. coli DH10B (73) harboring the T-BAC DNA.
Exoconjugates were selected sequentially with antibiotics and sucrose. The re-
sultant mutant T-BAC DNAs were examined by DNA sequencing and restriction
enzyme digestion.

Electroporation. T-BAC DNAs were introduced into the permissive HF cells
by using electroporation. For each transfection, 5 � 106 HF cells were suspended
in 250 �l of medium plus 10% serum and mixed with 4 �g of BAC DNA, 1 �g
of plasmid pCMV71 encoding pp71, and 1 �g of plasmid pEGFP-N1 (Clontech)
in a 0.4-cm cuvette. Following electroporation at 250 V and 960 �F, the cells
were plated in a 10-cm-diameter tissue culture plate. When the surviving cells
became confluent, the cells were split 1:3 into new dishes. The cells were cultured
at 37°C, and green fluorescent protein (GFP) spreading was monitored.

Yeast two-hybrid interaction assays. The yeast strain Y190 was the host for
rapid assays for lacZ expression by using an X-Gal (5-bromo-4-chloro-3-indolyl-
�-D-galactopyranoside) filter assay or for quantitation of interaction by using a
�-galactosidase assay. The X-Gal filter assay and the �-galactosidase assay were
described previously (2).

Transient DNA transfection. For immunoblot analysis, 293T cells were seeded
into six-well plates, and DNA mixtures were introduced into subconfluent cells
by using the N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid-buffered sa-
line version of the calcium phosphate procedure as described previously (66). For
indirect immunofluorescence assay (IFA), Vero cells were seeded into two-well
slide chambers and DNA mixtures were introduced into cells with FuGene 6
reagents (Roche). For luciferase reporter assay, U373 and HeLa cells were
seeded into 12-well plates, and DNA transfection was carried out with Lipo-
fectamine 2000 reagents (Invitrogen).

Antibodies. Mouse monoclonal antibody (MAb) 6E1 against HCMV IE1
(exon 4) was purchased from Vancouver Biotech (Vancouver, British Columbia,
Canada). Mouse MAb 8131, which detects epitopes present in both IE1 and IE2
(exons 2 and 3), was purchased from Chemicon (Temecula, Calif.). Rat anti-HA
MAbs (3F10) either conjugated with peroxidase or labeled with fluorescein and
anti-myc mouse MAb 9E10 were purchased from Roche. The rabbit antipeptide
polyclonal antibody referred to as PML(C), directed against amino acids 484 to
498 of PML, was described previously (3).

Immunoblot analysis. DNA-transfected or virus-infected cells were washed
with phosphate-buffered saline, and total extracts were prepared by direct boiling
of the cell pellets in sodium dodecyl sulfate (SDS) loading buffer. Clarified cell
extracts from the equivalent of 5 � 104 cells were separated on an SDS–8% or
–4 to 20% gradient polyacrylamide gel, followed by the standard procedure with
the enhanced chemiluminescence system (Amersham).

IFA. Cells were fixed in methanol or with 1% paraformaldehyde and perme-
abilized with 0.2% Triton X-100. All subsequent procedures were described
previously (4). Slides were examined and photographed on a Zeiss Axiopgoto2
microscope.

Luciferase reporter assay. For luciferase reporter assays, transfected
U373-MG cells were lysed directly in 12-well plates by three freeze-thaw steps in
200 �l of 0.25 M Tris-HCl (pH 7.9) plus 1 mM dithiothreitol. The subsequent
procedures were described previously (3). A TD-20/20 luminometer (Turner
Designs) was used for a 10-s assay of the photons produced (measured in relative
light units).

RESULTS

IE1 interferes with sumoylation of PML in a proteasome-
independent manner. Expression of both HCMV IE1 and
HSV-1 IE110(or ICP0) leads to the redistribution of PML
from PODs in both virus-infected and DNA-transfected cells.
However, the PML IFA signals totally disappear in HSV-1-
infected cells (22, 54, 55), whereas these signals are merely
displaced into the nucleoplasm in HCMV-infected cells (4, 41,
79, 80), which implies that a fundamentally different process
may be involved. In addition, both proteins were also reported
to cause loss of sumoylation of cotransfected PML in transient
assays in HeLa cells, suggesting that a lack of sumoylation of
PML may lead to disruption of PODs (60). For biochemical
studies of multiple sumoylated forms of PML without the com-
plications of there being seven different-size endogenous iso-
forms of unsumoylated PML (33), we compared the desumoy-
lation activities of the IE1 and IE110 viral proteins in
cotransfection assays with just the single HA-tagged PML VI
isoform. We first needed to confirm that the exogenous HA-
PML VI protein was indeed targeted to the PODs normally
and whether it was also displaced from the PODs by IE1 as
expected. When HA-PML VI alone was transfected into Vero
or 293T cells, the HA signal exactly colocalized with the IFA
signal obtained with anti-PML antibody, which also detects all
of the other endogenous PML isoforms. When cotransfected
with IE1, all of the detectable HA-PML was displaced from
punctate bodies into the nucleoplasm together with IE1, dem-
onstrating that the added HA-PML protein behaved normally
(data not shown). Essentially these same properties in re-
sponse to IE1 have also been observed with endogenous PML,
as well as with both cotransfected HA-tagged PML-IV (633
amino acids, 98 kDa) and PML VI (560 amino acids, 68 kDa)
in U373, Vero, HeLa, and 293T cells (data not shown).

To obtain high-level transfection efficiency for the PML
sumoylation assays, 293T cells were either transfected with
HA-PML alone or cotransfected together with either IE1 or
IE110. Total extracts were prepared by directly boiling the cell
pellets in SDS loading buffer, followed by separation by SDS-
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polyacrylamide gel electrophoresis and immunoblot analysis
with antibody against HA (Fig. 1A). Consistent with previous
reports (35), highly modified forms of PML containing multi-
ple SUMO adducts were detected in cells transfected with
HA-PML alone. However, in both of the two separate exper-
iments shown, most of the sumoylated forms (especially those
with more than one attached SUMO moiety) did not accumu-
late in cells in which PML was cotransfected together with
either IE1 or IE110. Nevertheless, the observed effects of IE1
and IE110 were very different, because the level of the unmod-
ified form of PML was also greatly reduced by IE110, as pre-
viously reported (20), but it was not significantly affected by
IE1. Moreover, in cells cotransfected with IE1 (but not with
IE110), the single-SUMO-conjugated (monosumoylated)
PML forms were more resistant to IE1 than the highly modi-
fied forms. Cotransfection with the IE68 (ICP22) nuclear pro-

tein of HSV-1, which did not affect the sumoylation of PML,
was used as a specificity control.

The disruption of PODs by HSV-1 IE110, which itself en-
codes an intrinsic Ub E3 ligase activity (22, 54, 55), has been
shown to correlate with the rapid proteasome-dependent deg-
radation of both SUMO-modified and unmodified forms of
PML. Furthermore, proteasome inhibitors such as MG132
proved to stabilize PML against IE110-induced degradation
and prevent disruption of PODs in HSV-1-infected cells (16,
20, 64). In contrast, we have previously shown by IFA experi-
ments that displacement of PML from PODs by IE1 is inde-
pendent of proteasome activity, because it was not prevented
by MG132, whereas the IE110-mediated effect was inhibited by
MG132 in parallel transfected-cell controls (80). To also ad-
dress this question at the protein level, we carried out a PML
sumoylation assay similar to that described above in the pres-

FIG. 1. Characterization of the desumoylation activity of IE1 in transient-DNA-transfection assays. (A) Comparison of the activities of HCMV
IE1 and HSV-1 IE110 in abolishing sumoylation of PML. 293T cells were transfected with 1 �g of plasmid encoding HA-PML VI alone or
cotransfected with 1 �g of plasmid encoding HCMV IE1, HSV-1 IE110, or HSV-1 IE68. At 48 h after transfection, extracts were prepared as
described in Materials and Methods. Equal amounts of cell extracts were separated on an SDS–8% polyacrylamide gel, and immunoblot analysis
was performed with a rat anti-HA MAb. The results of two separate experiments are shown to ensure that the levels of unmodified forms of PML
are significantly reduced in cells that received IE110, but not IE1. (B) Effects of proteasome inhibitor MG132 on interference with sumoylation
of PML by IE1 or IE110. 293T cells were transfected with 1 �g of plasmid encoding HA-PML VI alone or cotransfected with 0.5 �g of plasmid
encoding either IE1 or IE110. At 17 h after infection, culture media were replaced with fresh media and cells were either further incubated for
22 h or incubated for 0, 5, 10, and 22 h with media containing 5 �M proteasome inhibitor MG132 before harvesting, extract preparation, and
immunoblotting as described above. The unmodified form of PML is indicated by arrowheads, and sumoylated forms of PML are also indicated
as PML-S.
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ence of MG132 (Fig. 1B). Cotransfected 293T cells receiving
plasmids encoding HA-PML and IE1 were compared to those
receiving HA-PML and IE110 after 0, 5, 10, and 22 h of
incubation with MG132. In cells cotransfected with IE110, the
levels of high-molecular-weight SUMO-modified PML forms
proved to partially recover when the cells were incubated in the
presence of MG132. The incomplete effect of MG132 on the
activity of IE110 in this experiment probably results from the
relatively high expression level of IE110 in our transfected
cells. In contrast, in cells cotransfected with IE1 there was no
recovery at all in the levels of high-molecular-weight SUMO-
modified forms of PML. This result further supports the con-
cept that IE1 does not cause proteasome-mediated degrada-
tion of PML or require proteasome activity to prevent or
remove accumulated SUMO adducts on PML. Therefore,
HCMV IE1 uses a somewhat different mechanism to reduce
the levels of sumoylated PML than does the HSV-1 IE110
protein.

IE1-mediated loss of SUMO-conjugated forms of PML in
HCMV-infected cells. To investigate whether the IE1-medi-
ated loss of sumoylated forms of PML also occurs in HCMV-
infected cells, we needed to have an appropriately tagged form
of PML in a stable permissive cell line, because the endoge-
nous sumoylated forms of PML cannot easily be distinguished
on the basis of size alone from the several different isoforms of
unmodified PML. We have previously generated and used a
stable HCMV-permissive U373 cell line that constitutively ex-
pressed high levels of PML VI and have shown that POD
disruption and PML dispersal after HCMV infection still oc-
curs (albeit more slowly than normal) (3). In preliminary ex-
periments, when Vero cells were cotransfected with IE1 and
HA-PML IV, a similar pattern of heavily reduced sumoylation
of PML was observed as demonstrated above with HA-PML
VI (data not shown). Therefore, to be able to unambiguously
discriminate between endogenous PML bands on immuno-
blots that are sumoylated and those representing the differen-
tially spliced unsumoylated isoforms, we also generated U373
cells that constitutively express HA-tagged PML IV. U373 cells
were cotransfected with a plasmid encoding a neomycin-resis-
tant marker and a plasmid encoding the HA-PML IV. Neo-
mycin-resistant cells were pooled and used for virus infection.
Stable constitutive expression of HA-PML in the U373 pooled
cell line was analyzed by IFA with anti-HA antibody. The
result showed that about 70% of the cells were positive for
HA-PML (data not shown). When an extract prepared from
the U373 pooled cell line was subjected to immunoblot analysis
with anti-HA antibody, a typical ladder of sumoylated forms of
HA-PML was observed (Fig. 2, lane 3), and the pattern was
identical to that produced in Vero cells transiently transfected
with HA-PML IV (Fig. 2, lane 2).

The U373/PML IV cells were then mock infected or infected
with either wild-type HCMV(Towne) or IE1 deletion mutant
virus (CR208) at an MOI of 2.0. At 6 h after infection, cell
extracts were prepared and the sumoylation pattern of HA-
PML was analyzed (Fig. 2, lanes 3 to 5). Similar to the case for
IE1-transfected cells, the levels of high-molecular-weight
sumoylated forms of HA-PML IV disappeared in cells infected
with wild-type HCMV(Towne), although again the mono-
sumoylated form was unaffected. In contrast, the sumoylation
pattern of PML was not affected at all in cells infected with IE1

deletion mutant virus (CR208). In a control experiment, both
the lack of IE1 expression in CR208-infected cells and the
expression levels of IE2 in Towne- and CR208-infected cells
were confirmed by immunoblot analysis of the same filter
membrane with MAb 8131, which detects both IE1 and IE2
(Fig. 2, bottom panel). The result showed that in CR208-
infected cells, IE1 was not expressed at all and the level of IE2
was even higher than that in Towne-infected cells, suggesting
that the lack of effect on PML sumoylation by CR208 virus was
not related to a lower input virus concentration than for the
Towne sample. This result demonstrates that the loss of the
sumoylated forms of PML also occurs in HCMV-infected cells
in an IE1-dependent manner.

Domains of IE1 required for desumoylation of PML. To
investigate the domain requirements within IE1 to desumoy-
late PML, cotransfection assays were carried out with a set of
variant IE1 proteins containing truncation or deletion muta-
tions (Fig. 3A). The different deletion mutant IE1 proteins
used in this experiment are summarized in the diagram in Fig.
3D. Similar to the case for wild-type IE1 (which in this exper-
iment also removed the monosumoylated form), a truncation
mutant, IE1(1-420), that lacks the acidic C-terminal region still

FIG. 2. Effect of HCMV infection on sumoylation in the U373 cell
line overexpressing PML. Lanes 1 and 2, control Vero cells were
transfected with either vector (pSG5) or plasmid encoding HA-PML
IV. At 48 h after transfection, the cells were harvested and total
extracts were prepared as described for Fig. 1. Lanes 3 to 5, the U373
pooled cell line overexpressing HA-PML IV was either mock infected
or infected with wild-type (wt) HCMV(Towne) or IE1 deletion
HCMV(CR208) virus at an MOI of 2. Cells were harvested at 6 h after
infection, and total extracts were prepared as described for Fig. 1.
Equal amounts of cell extracts were separated on an SDS–8% poly-
acrylamide gel, and immunoblot analysis (WB) was performed with rat
anti-HA MAb conjugated with peroxidase (top panel). The same filter
membrane for lanes 3, 4, and 5 was stripped, and a second immunoblot
analysis was carried out with MAb 8131, which detects both IE1 and
IE2 (bottom panel).
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caused a nearly complete loss of the sumoylated forms of PML.
However, the C-terminal truncation mutant IE1(1-346)
showed an intermediate effect, and IE1(1-231) failed to des-
umoylate PML. In addition, two internally deleted IE1 pro-
teins that lack either the region from amino acid position 132
to 274 or that from position 290 to 320 also failed to abolish
sumoylation of PML. As expected, an N-terminal truncation
mutant, IE1(	1-85), that lacks both one of the activation do-
mains (67) and a nuclear localization signal encompassing ex-
ons 2 and 3 and therefore accumulates in the cytoplasm (79)
had little effect on sumoylation levels of PML (data not
shown). These results indicate that the acidic C-terminal re-
gion from position 421 to 491 is dispensable but that most of
the central hydrophobic domain of IE1 from codon 132 to 346

needs to be intact for the activity to desumoylate. A role for the
N terminus could not be determined because of the complica-
tion of the loss of the nuclear localization signal motif.

IE1 itself is also modified by SUMO-1, and the major
sumoylation site has been mapped to a lysine residue at posi-
tion 450 (74, 80). To investigate the expression levels of sumoy-
lated and unmodified forms of mutant IE1 proteins, the same
extracts used for immunoblot analysis of PML in Fig. 3A were
subjected to immunoblotting with mouse MAb 8131, which
recognizes exons 2 and 3 of IE1 (Fig. 3B). As expected, the
C-terminal truncation mutants IE1(1-420) and IE1(1-231),
which lack the acidic domain containing the lysine residue at
position 450, were not modified by SUMO; however, a weak
band that migrated more slowly than the unmodified form was

FIG. 3. Domains of IE1 required for desumoylation of PML and disruption of PODs. (A) PML sumoylation assays with the deletion mutant
IE1 proteins. 293T cells were transfected with 1 �g of plasmid (pUS112) encoding HA-PML alone or cotransfected with 1 �g of plasmid encoding
wild-type (wt) IE1, IE1(1-420), IE1(1-346), IE1(1-231), IE1(	132-274), or IE1(	290-320). At 48 h after transfection, a PML sumoylation assay was
carried out as described for Fig. 1. (B) Expression levels of the mutant IE1 proteins. The same cell extracts described for panel A were separated
on an SDS–4 to 20% gradient polyacrylamide gel, and immunoblot analysis (WB) was carried out with mouse MAb 8131 against IE1. (C) 293T
cells were transfected with a plasmid encoding HA-PML or cotransfected with various amounts of plasmid encoding wild-type IE1 (0.1, 0.5, or 1.0
�g), IE1(K450R) (0.1, 0.5, or 1.0 �g), or IE1(L174P) (1.0 �g) protein. At 48 h after transfection, cell extracts were prepared and immunoblot
analysis was carried out with anti-HA MAb as described for panel A. Unmodified and sumoylated (PML-S) forms of PML are indicated.
(D) Structures of the IE1 proteins used in domain mapping experiments. 1-491 (wild-type IE1 in pJHA303), 1-420 (pJHA423), 1-346 (pJHA304),
1-231 (pJHA307), 	132-274 (pJHA308), 	290-320 (pJHA346), and 	1-85 (pJHA305) are illustrated. Coding regions corresponding to each exon
of IE1 are shown at the top. Closed bars represent exons 2 and 3, and gray bars represent the C-terminal acidic domains. The estimated map
locations for epitopes recognized by MAbs 8131 and 6E1 are shown at the bottom. (E) Localization patterns of the mutant IE1 proteins and their
effects on distribution of the endogenous PML proteins. Vero cells were transfected with plasmids encoding wild-type IE1, IE1(1-420), IE1(1-346),
IE1(1-231), IE1(	132-274), IE1(	290-320), IE1(	1-85), IE1(L174P), or IE1(K450R) and fixed in methanol at 48 h after transfection, followed by
double-label IFA for IE1 and PML. IE1 was detected with mouse MAb 8131 or 6E1 and fluorescein isothiocyanate-labeled anti-mouse
immunoglobulin G. PML was detected with rabbit polyclonal antibody PML(C) and rhodamine-coupled anti-rabbit immunoglobulin G.
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detected in cell extracts transfected with IE1(1-346). The
slowly migrating band in cells transfected with IE1(1-346) ap-
peared not to be a sumoylated form, because unlike with the
wild-type IE1, this form was not increased at all when IE1(1-
346) was coexpressed with SUMO-1 (data not shown). Inter-
estingly, IE1(	132-274) gave no sumoylated band, suggesting
that the deleted domain is also needed for sumoylation of the
lysine residue at position 450. However, IE1(	290-320) did
produce a sumoylated band in an abundance similar to that for
the wild-type IE1 protein. Given that IE1(	290-320) failed to

desumoylate PML, this result is consistent with the previous
findings that sumoylation of IE1 is not essential for POD
disruption (74, 80).

Two important point mutant IE1 proteins have been previ-
ously described. A mutant with a substitution of Leu to Pro at
position 174 (L174P) is defective for POD disruption as well as
for POD targeting and for loss of sumoylation of PML (60).
However, a mutant with a substitution of Lys to Arg at position
450 (K450R), which was not sumoylated at all, still retained the
ability to disrupt PODs (and presumably therefore to target

FIG. 3—Continued.
.
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them) when observed by IFA (74, 80). Neither of these mu-
tants has been tested previously in transactivation assays. In
our PML loss-of-sumoylation assays, IE1(K450R) retained the
ability to efficiently desumoylate PML in a dose-dependent
manner, whereas IE1(L174P) failed to do so (Fig. 3C). These
data are consistent with the results of previous but less exten-
sive studies that suggest a correlation between the absence of
sumoylation on PML and disruption of PODs (60).

Correlation between IE1-PML protein-protein interactions
and interference with sumoylation as well as with targeting to
PODs, but not necessarily with disruption of PODs. We next
characterized the abilities of all eight mutant IE1 proteins used
in the PML sumoylation assay to disrupt PODs. Vero cells
were transfected with plasmids encoding wild-type or mutant
IE1 proteins, and double-label IFA for IE1 and PML was
carried out (Fig. 3E). Consistent with previous observations (2,
79), both wild-type IE1 and IE1(1-420) disrupted PODs, con-
firming that the acidic C-terminal region is dispensable for
both desumoylation of PML and disruption of PODs. Just as in
the PML sumoylation assay, the effect of IE1(1-346) was in-
termediate. In most transfected cells, IE1(1-346) distributed as
a nuclear punctate form that virtually totally colocalized with
PML in large PODs without disrupting them, whereas in a
smaller subset of the cells, which instead showed a greatly
reduced number of PODs (arrows), it localized as a diffuse
form. These two different localization patterns were previously
reported as apparently inconsistent results (2, 79), but our
studies here show that IE1(1-346) actually displays an inter-
mediate ability to desumoylate PML and to disrupt PODs.
Nevertheless, IE1(1-346) dramatically retained the ability to
still target to PODs in those cells that did not show disruption
of their PODs. We also found that IE1(	290-320), which did
not desumoylate PML, failed to disrupt PODs, but unlike
IE1(1-346), it did not target to PODs (although some of it
concentrates in nuclear patches, these do not colocalize with
PODs). In addition, IE1(K450R) disrupted PODs, whereas
IE1(1-231), IE1(	132-274), IE1(	1-85), and IE1(L174P) all

failed to do so and also did not colocalize with PODs. Al-
though it is possible that the effects of wild-type or mutant IE1
proteins on the integrity of PODs may be affected by the
expression levels of the proteins, our results with an extensive
set of deletion or point mutant IE1 proteins show that the
failure of mutant IE1 proteins to target to and disrupt PODs
(Fig. 3E) largely correlates with the absence of negative effects
on the sumoylation of PML (Fig. 3A and C). These results are
also in agreement with the previous finding that IE1 abolishes
sumoylation of PML, leading to POD disruption, and that
mutant IE1(L174P) both had no effect on sumoylation of PML
and failed to produce POD disruption (60).

We previously showed that IE1(1-346) retained the ability to
bind to PML in a yeast two-hybrid interaction assay, whereas
neither IE1(1-231) nor IE1(	132-274) did so (2). The abilities
of the other mutant IE1 proteins used in this study to bind to
PML were tested in similar yeast two-hybrid interaction assays
(Fig. 4). The results showed that IE1(	290-320) failed to bind
to PML, whereas IE1(K450R) still bound to PML just as effi-
ciently as did the wild-type protein. Most significantly, the
IE1(L174P) point mutant had also lost the ability to bind to
PML. Interestingly, IE1(1-420) gave stronger binding to PML
than did wild-type IE1 by two to threefold, suggesting an in-
hibitory role of the C-terminal acidic domain of IE1 on PML
binding in yeast. A similar inhibitory effect of the C-terminal
acidic domain on PML binding was previously observed with
IE1(1-346) (2). Our data show that the central hydrophobic
domain of IE1 but not the acidic C-terminal domain is needed
to bind to PML in yeast and that this property correlated fully
with both the activities to desumoylate PML and to target to
PODs. In addition, no mutants that failed to bind to PML
resulted in POD disruption. However, binding to PML alone is
not necessarily sufficient for POD disruption, as exemplified by
IE1(1-346), which still targets to PODs in most cells but does
not disrupt them (Fig. 3E).

Desumoylation of PML also correlates with the transacti-
vation and PML repression functions of IE1 in cotransfection

FIG. 4. Yeast two-hybrid interaction assays between PML and mutant IE1 proteins. The yeast Y190 cells were cotransformed with plasmids
encoding either GAL4-DB/PML VI or GAL4-DB/EBNA-1 (2) and GAL4-A alone (pACTII), GAL4-A/wild-type IE1, GAL4-A/IE1(1-420),
GAL4-A/IE1(	290-320), GAL4-A/IE1(L174P), or GAL4-A/IE1(K450R). Transformants were assayed for their �-galactosidase production. The
average values and standard errors for �-galactosidase units in duplicated assays are shown. Assays of the interaction between Epstein-Barr virus
and IE1 were used as negative interaction controls.
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assays. We previously demonstrated that IE1 counteracts the
strong transcriptional repressor activity of PML in mammalian
DNA-tethering assays with GAL4 fusion proteins. Data with
two point mutant IE1 proteins (K450R and L174P) again sug-
gested that this activity of IE1 also correlates with POD dis-
ruption (80). However, to extend the connection, we also
tested the PML repression activities of all of the deletion
mutant IE1 proteins used in the PML desumoylation assays
described above (Fig. 5A). Again, both wild-type IE1 and
IE1(K450R), but not IE1(L174P), efficiently inhibited the tran-
scriptional repressor activity of GAL4-PML in cotransfected
HeLa cells. The results with deletion mutant IE1 proteins
showed that although IE1(1-420) partially inhibited the repres-
sor activity of PML, all of the others failed to inhibit PML-
mediated repression. The expression levels of the wild-type
and mutant IE1 proteins in the cell extracts were confirmed by
immunoblot analysis with MAb 8131, which detects an epitope
mapping within exons 2 and 3 of IE1 (Fig. 5E). Note that the
sumoylated forms of IE1 were not detected within cell extracts
that were prepared by the freezing and thawing procedure
used for luciferase assays. These results suggest that the activ-
ity of IE1 in both binding to and desumoylating PML corre-
lates well with inhibition of PML repression, and again, the
acidic C-terminal region of IE1, although not essential, proved
to contribute to efficient inhibition.

To investigate whether the ability of IE1 to desumoylate
PML also matches with the several described positive transac-
tivation activities of IE1, we carried out target reporter gene
assays with the same set of wild-type and mutant IE1 proteins.
U373-MG cells were cotransfected with a target reporter plas-
mid expressing luciferase under the control of the human DNA
Pol � promoter (Pol �-LUC) together with effector plasmids
expressing either wild-type or mutant IE1 proteins. The lucif-
erase readouts showed that wild-type IE1 activated the Pol �
promoter up to 15-fold and that only two of the mutant IE1
proteins, IE1(1-420) and IE1(K450R), retained some or all of
the transactivation activity. In contrast, all of the other mutant
IE1 proteins, including IE1(1-346), IE1(1-231), IE1(	132-
274), IE1(	290-320), and, especially, the point mutant
IE1(L174P), all of which had lost the ability to desumoylate
PML as well as to disrupt PODs, also all failed to activate the
Pol � promoter (Fig. 5B).

In two other variations of this assay, IE1 has been shown
both to augment IE2-mediated transactivation of viral delayed
early promoters and to directly transactivate the MMTV LTR
by an unknown mechanism (78). Therefore, similar reporter
assays were carried out with HCMV Pol(UL54)-LUC and
MMTV LTR-LUC reporter genes. As expected, even wild-
type IE1 had little activity on its own on the viral Pol promoter,
but it boosted the effect of IE2 about sixfold. Similarly, in the
presence of dexamethasone, wild-type IE1 alone transactivated
the MMTV reporter gene 10-fold. However, again the results
showed that both IE1(L174P) and IE1(	290-320) had lost
both transactivation functions, whereas IE1(K450R) still re-
tained levels of transactivation function similar to that of wild-
type IE1 (Fig. 5C and D). Therefore, the results from all of
these reporter assays imply that the activity of IE1 in regulation
of transcription correlates directly with the ability to bind to
PML as well as to desumoylate PML and to target or disrupt
PODs.

The relative levels of activities of wild-type or mutant IE1
proteins characterized in this study on PML binding in yeast,
POD targeting, loss of PML sumoylation, POD disruption,
sumoylation itself, derepression of PML, and transactivation
functions are summarized in Fig. 6.

Construction of recombinant T-BAC clones. To study
whether the abilities of IE1 to interfere with sumoylation of
PML and to regulate transcription in target reporter gene
assays may also be required for efficient viral growth, we gen-
erated mutant HCMV-BAC clones that encode mutant forms
of IE1 that are deficient in PML-associated activities. We used
a Towne HCMV-BAC (T-BAC) clone as a template for mu-
tagenesis. This T-BAC clone has a 9-kb deletion from the
dispensable portion of the US region (from US1 to US12) but
instead contains a GFP expression cassette in the deleted re-
gion to facilitate the study of virus replication (Fig. 7A) (52).

Both IE1(K450R) and IE1(	290-320) were successfully in-
troduced into T-BAC clones in place of the wild-type IE1 gene.
The mutated allele with flanking sequences for recombination
was cloned into a transfer vector (pGS284) and conjugated
into RecA� E. coli harboring the T-BAC clone. Exoconjugates
were selected and analyzed for correct generation of the mu-
tant forms. To select and isolate recombinant T-BAC genomes
containing the desired mutations, DNA fragments expected to
contain the mutated allele were amplified by PCR and directly
sequenced (Fig. 7B and C). In addition, the lack of any other
apparent alterations in the viral genomes was checked by com-
paring the restriction fragment patterns of viral genomes in
wild-type and mutant T-BACs. In the case of the IE1(	290-
320) mutant, Southern blot analysis was carried out with
restriction fragments of the viral genome (Fig. 7D). The ap-
propriate DNA hybridization probe detected a 0.60-kb
EcoRV-BamHI fragment and a 0.72-kb NcoI-BamHI frag-
ment, as would be expected from a mutant HCMV-BAC clone
containing the 90-bp deletion (Fig. 7D, lanes 3 and 6). A
revertant T-BAC clone for IE1(	290-320) T-BAC was also
generated by allelic exchange of the mutated allele with the
wild-type DNA fragment cloned in pGS284. The correct con-
version of the mutant allele back into the wild-type allele was
confirmed by Southern blot analysis (Fig. 7D, lanes 4 and 7)
and direct DNA sequencing (data not shown).

An HCMV-BAC clone containing the IE1(�290-320) muta-
tion, but not IE1(K450R), is not infectious. To investigate
whether T-BAC genomes containing encoding IE1(K450R) or
IE1(	290-320) are infectious, we electroporated purified T-
BAC-wt, T-BAC-	290-320, or T-BAC-K450R into permissive
HF cells and monitored the electroporated cultures for viral
growth, which was judged by spreading of GFP signals and
cytopathic effects on the cells. T-BAC-	exon5, which has a
deletion of exon 5 within IE2 and was shown previously to be
noninfectious (52), was used as a negative control in these
experiments. For each electroporation, expression plasmid
DNA encoding either HCMV pp71 or GFP were both cotrans-
fected together with the BAC plasmid DNA to enhance the
efficiency of activation of the MIE promoter (8) and to monitor
electroporation efficiency, respectively. The electroporation
experiments were repeated at least five times for each mutant
T-BAC, and the transfection efficiency, as judged by the initial
transient GFP signals from the transfected cells, was measured
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FIG. 5. Effects of PML desumoylation on transactivation and PML repression functions of IE1. (A) Effects of wild-type or mutant IE1 proteins
on the transcriptional repressor activity of PML. HeLa cells were transfected with 0.5 �g of reporter plasmid containing a (GAL4)5/TK-LUC gene
or cotransfected with 0.4 �g of plasmid encoding GAL4-PML alone or together with effector plasmid encoding wild-type (wt) IE1, IE1(1-420),
IE1(1-346), IE1(1-231), IE1(	132-274), IE1(	290-320), IE1(L174P), or IE1(K450R). At 36 h after transfection, total cell extracts were prepared
and assayed for luciferase activity. Shown are mean values with standard errors for the percentage of luciferase activity from three independent
assays. (B) Effects of mutant IE1 proteins on transactivation of the cellular DNA Pol � promoter. U373-MG cells were transfected with 0.4 �g
of reporter plasmid (pDPAL	5�) containing a DNA Pol �-luciferase reporter gene and 1.0 �g of effector plasmid encoding wild-type or mutant
IE1 proteins as described above. At 48 h after transfection, total cell extracts were prepared and assayed for luciferase activity. Luciferase activities
are indicated as fold activation over the basal level of each reporter gene. The results shown are the mean values along with standard errors from
three independent experiments. (C) Effects of mutant IE1 proteins on augmentation of transactivation of the HCMV Pol promoter (Pol-LUC) by
IE2. U373-MG cells were transfected with 0.3 �g of target reporter plasmid (pLA12) encoding the HCMV UL54 (Pol) promoter-driven Pol-LUC
gene and 0.3 �g of effector plasmid encoding wild-type IE1, IE1(L174P), IE1(	290-320), or IE1(K450R) either alone or together with 0.3 �g of
effector plasmid encoding wild-type IE2 (pJHA124). At 48 h after transfection, total cell extracts were prepared and assayed for luciferase activity
as described for panel B. (D) Effects of wild-type or mutant IE1 on transactivation of the MMTV promoter. U373-MG cells were transfected with
0.4 �g of reporter plasmid (pMMTV-LUC) containing MMTV LTR-luciferase reporter gene and 0.2 �g of plasmid encoding wild-type IE1,
IE1(L174P), IE1(	290-320), or IE1(K450R). At 24 h after transfection, culture media were replaced with medium with or without 1 �M
dexamethasone (DEX). After incubation for another 24 h, total cell extracts were prepared and assayed for luciferase activity. Luciferase activities
are indicated as fold activation over the basal level of each reporter gene and are shown as averages from duplicated experiments. (E) Expression
levels of the mutant IE1 proteins. The same cell extracts described for panel A were separated on an SDS–10% polyacrylamide gel, and
immunoblot analysis was carried out with MAb 8131.
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to be 10 to 15% in all experiments. This transient GFP signal
disappeared within the first week after electroporation.

When HF cells received T-BAC-wt or T-BAC-K450R, the
GFP signals (from the GFP cassette within the viral genome)
began to reappear at 3 to 4 weeks after electroporation and
spread into the surrounding cells (Fig. 8A and E). Consistent
with the in vitro data showing that IE1(K450R) retained all
activities of the wild-type protein (74, 80; this study), this result
suggests that sumoylation of IE1 is not essential for reconsti-
tution of virus from the input naked DNA genome in cultured
HF cells. In contrast, when cells received T-BAC-	290-320,
the GFP signals reappeared within only a very few cells and did
not spread into the surrounding cells (Fig. 8C). However, this
defect was completely rescued when cells received the rever-
tant T-BAC-	290-320(R) (Fig. 8D). In the negative control,
the T-BAC-	exon5 culture failed to reexpress GFP in any cells
(Fig. 8B). These results indicate that deletion between codons
290 and 320 in IE1 indeed interfered greatly with recovery of
infectious virus from the input mutant genome, and they sug-
gest that the correlated deficiencies in IE1(	290-320) activities
in desumoylating PML and in regulating transcription may be
required functions for efficient initiation of viral growth in
cultured HF cells.

DISCUSSION

In the present study, we have demonstrated that IE1 effi-
ciently inhibits the accumulation of sumoylated forms of PML
in both DNA-cotransfected cells and wild-type HCMV-in-
fected cells but not in cells infected with HCMV with an IE1
deletion. However, unlike IE110 cotransfection or HSV-1 in-
fection, neither IE1 alone nor HCMV infection significantly
reduced the levels of the unmodified form of PML, and the
PML-desumoylating activity of IE1 was not significantly
blocked by treatment with the proteasome inhibitor MG132
when measured by immunoblotting. Therefore, HCMV and
HSV-1 appear to use different mechanisms to desumoylate.

By analysis of mutant forms of the IE1 protein, we found

that, although the acidic C-terminal region is dispensable, most
of the central hydrophobic region of IE1 needs to be intact for
both binding to PML and desumoylation of PML to occur. We
also found that mutant IE1 proteins that fail to bind to or
desumoylate PML were all also unable to target to or disrupt
PODs, strongly supporting the previous finding that disruption
of PODs by herpesvirus proteins is linked to desumoylation of
PML (60). Only a single mutant fails to show a complete
correlation between these four activities: IE1(1-346), although
it binds to PML and partially desumolates PML, usually still
targets to PODs but fails to disrupt them (implying that an-
other function, perhaps the acidic tail itself, is needed in ad-
dition to PML binding for efficient disruption). The PML-
desumoylating and POD disruption activities of IE1 also
appear to be tightly related to its functional activities both in
inhibiting the transcriptional repressor activity of PML and in
transactivating several cellular and viral promoters. These ac-
tivities are also lost in IE1(1-346) and IE1(L174P). Most im-
portantly, we found that a recombinant HCMV-BAC genome
encoding a mutant, IE1(	290-320), that has lost all of these
biochemical activities was not infectious in cultured fibroblast
cells. Therefore, we suggest that both the activity of IE1 in
disrupting PODs and its associated regulation of transcription
are necessary for the efficient progress of infection. In contrast,
an HCMV-BAC genome encoding the sumoylation-deficient
IE1(K450R) was fully infectious under the same conditions,
suggesting that, consistent with the previous findings from in
vitro assays (74, 80), sumoylation of IE1 is not essential for the
viral genome to be infectious.

The PODs appear to be involved in the regulation of cellular
gene expression. The major POD component PML is known to
act as a transcriptional cofactor or repressor (83). IE1 inter-
feres with the powerful intrinsic transcriptional repressor ac-
tivity of PML in mammalian GAL4 DNA-tethering assays (80).
Our results here show that all mutant IE1 proteins that do not
bind to or desumoylate PML also failed to inhibit the tran-
scriptional repression activity of PML in the same assays. This
effect also appears likely to explain or contribute to the several

FIG. 6. Summary of the activities of wild-type or mutant IE1 proteins. Several activities of the wild-type (wt) or mutant IE1 proteins
characterized in this study are summarized at a semiquantitative level, including PML binding in yeast two-hybrid assays, POD targeting by IFA,
loss of PML sumoylation in cotransfection assays, POD disruption in IFA, ability to function as a target for sumoylation, and derepression of PML
or positive transactivation functions on other promoters in transient reporter gene cotransfection assays. The PML binding activities of mutants
IE1(1-346), IE1(1-231), and IE1(	132-274) were shown previously (2). Sumoylation of IE1(L174P) was originally shown by Muller and Dejean
(60), but we found that the sumoylation level of IE1(L174P) is reduced to only 30% that of the wild-type protein (data not shown). Domain
mapping of IE1 for POD disruption was also reported by Wilkinson et al. (79).
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transcriptional up-regulation activities mediated by IE1 that
we have investigated here. The transcriptional cofactor CBP
can sometimes be found to be associated with PODs (45).
Therefore, it is conceivable that disruption of PODs by IE1
may affect CBP-mediated gene regulation. We confirmed that
HCMV IE1 activates the MMTV promoter containing glu-
cocorticoid-responsive elements, which requires CBP as a co-
factor for activation (78). It is plausible that CBP is released
upon POD disruption, leading to activation of the MMTV
promoter. Furthermore, augmentation of IE2-mediated trans-
activation of the HCMV UL54(Pol) promoter, as well as trans-
activation of both the MMTV promoter and the cellular DNA
Pol � promoter, by IE1 all correlated with the ability of IE1
both to bind to PML and to disrupt PODs. These results
suggest that displacement of PML by IE1 may regulate a broad
range of gene expression involving POD components as cofac-
tors.

Another impact of POD disruption on gene regulation could
be to counteract gene silencing associated with heterochroma-
tin. Members of the Sp100 family proteins that are associated
with PODs have been shown to directly bind to heterochro-
matin protein 1 (HP1), suggesting that PODs are involved in
regulating HP1-mediated gene silencing (46, 47, 72). There-
fore, POD disruption by IE1 (which also releases Sp100 and
Sp100-HMG from the PODs [data not shown]) may relieve
such constraints on gene expression. Finally, Wang et al. (77)
have reported that mouse PML�/� knockout cells both fail to
mount interferon responses and are deficient in FAS-mediated
and other apoptotic pathways. Whether disruption of PODs
affects these events is unknown as yet.

It is not yet clear exactly how IE1 reduces the sumoylation
levels of PML. One potential mechanism could be that IE1
prevents formation of sumoylated forms of PML, perhaps
through its physical interaction with PML. Because IE1, unlike
IE110, is also a substrate for SUMO modification, IE1 could
potentially compete with PML for essential cellular compo-
nents of the sumoylation system. Indeed, POD disruption by
the ZTA protein in Epstein-Barr virus infection is also protea-
some independent, and ZTA has been suggested to compete
with PML for SUMO (1). However, a competition scenario
appears unlikely for HCMV, based on the observations that,
unlike PML (and IE2), IE1 does not bind to either SUMO or
its conjugation enzyme Ubc9 in yeast two-hybrid interaction
assays (80) and that, as shown here, IE1(	290-320) is still
sumoylated to a level equivalent to that for the wild-type IE1

protein but without being able to affect the sumoylation level
of PML (Fig. 3). Obviously, prevention of PML sumoylation
could certainly occur in the cotransfection experiments, where
newly synthesized HA-tagged PML may not ever enter the
PODs in the presence of IE1, but it is difficult to imagine that
endogenous PML is turned over sufficiently rapidly for this to
account for the complete loss of PML from the PODs within
just 3 h in wild-type HCMV-infected cells. A second explana-
tion might simply be that the binding of IE1 to PML causes
disaggregation and loss of PML protein complexes from
PODs, which are subsequently subjected to SUMO proteases
when not in the PODs. Removal of SUMO from newly ex-
pressed HA-PML by cotransfected SUMO proteases does oc-
cur efficiently even in the absence of IE1 (H.-R. Lee and J.-H.
Ahn, unpublished data), but whether they can also remove
SUMO from endogenous POD-associated PML is still un-
known.

Two more likely potential mechanisms would be for IE1 to
actively promote removal of SUMO from PML, either directly
or indirectly. POD structure supposedly depends upon at least
a core of sumoylated forms of PML, and other sumoylated
proteins are actively recruited to PODs. IE1 may indirectly
recruit an isopeptidase or a protease that specifically either
desumoylates or degrades just the sumoylated forms of PML in
vivo. Recently, IE110-induced recruitment of SENP1 (a
SUMO protease) to PODs was reported to occur in cotrans-
fection experiments, suggesting a possible role for a SUMO
protease in desumoylation of PML during HSV-1 infection
also, although there was no attempt to demonstrate a physical
interaction between SENP1 and IE110 (7). Finally, IE1 may
directly desumoylate PML. All known SUMO proteases con-
tain the well conserved triad catalytic residues (His, Asp, and
Cys) in their C-terminal regions (10, 37). Although there is no
obvious matching motif within IE1, we cannot at present ex-
clude the possibility that IE1 itself may act as a novel SUMO-
specific protease.

Phosphorylation of PML also appears to be linked to the
sumoylation status of PML. A phosphatase inhibitor, calyculin
A, was shown to inhibit arsenic trioxide (As2O3)-triggered
PML sumoylation (61), and PML is specifically phosphorylated
in the M phase of the cell cycle, with a corresponding complete
loss of sumoylation (21). With regard to this point, it is plau-
sible that the reported associated kinase activity of IE1 (63)
might be involved in the loss of sumoylation of PML. Those
authors suggested that IE1(L174P) disrupts a proposed ATP

FIG. 7. Construction of recombinant HCMV-BAC genomes encoding mutant IE1 proteins. (A) Genome structure of the parent Towne
HCMV-BAC plasmid used in this study. The F plasmid sequences containing the replication origin (ori), replication and partitioning functions
(repE, parA, and parB), chloramphenicol resistance (Cmr), and the GFP eukaryotic expression cassette, which have been substituted in place of
the US1-to-US12 gene region, are indicated as boxes. The locations of UL122 (IE2) and UL123 (IE1) are also indicated. (B and C) Relevant DNA
sequences of the wild-type (wt) and recovered mutant IE1 alleles of the HCMV-BAC plasmids. Genomic DNA containing either wild-type
IE1(1-491) or the mutant IE1 alleles IE1(K450R) (B) and IE1(	290-320) (C) were PCR amplified from BAC DNAs and sequenced with specific
primers. The two SpeI sites at amino acid positions 290 and 320 in wild-type IE1 are also indicated (C). (D) Genome structure of the Towne
HCMV-BAC containing the deleted IE1(	290-320) allele. Top, the 6.6-kb EcoRI-SalI regions encompassing the MIE locus and the locations of
the restriction enzyme sites used for deletion (SpeI) and mapping by Southern blot analysis (EcoRV, NcoI, and BamHI) are shown. Bottom,
restriction fragment DNA patterns obtained following EcoRV-BamHI (lanes 2, 3, and 4) or NcoI-BamHI (lanes 5, 6, and 7) digestion of three
HCMV-BAC DNAs (wild type [lanes 2 and 5], 	290-320 [lanes 3 and 6], and the revertant [R] for 	290-320 [lanes 4 and 7]) are shown (left). The
530-bp probe (BglII-BamHI fragment) used for Southern blot analysis (right) is shown in the top panel. The sizes of 
-HindIII/EcoRI are shown
in the marker lane.
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binding site spanning amino acids 173 to 179. However, we
confirmed here that IE1(L174P) itself fails to bind to PML in
yeast two-hybrid interaction assays (60), and IE1(	290-320) is
also deficient in binding to PML, suggesting an alternative
explanation for the inactivity of this mutant. Conceivably, ei-
ther IE1 binding to or IE1 phosphorylation of PML could

block the sumoylation of PML without invoking a SUMO
protease activity.

The direct correlation between the activity of IE1 in des-
umoylating PML (and in disrupting PODs) and the various
transactivation and derepression functions of IE1 strongly sup-
ports the idea that PODs and their components contribute to

FIG. 8. Infectivities of transfected HCMV-BAC DNAs. HF cells were electroporated with T-BAC-wt, T-BAC-	exon5, T-BAC-	290-320,
T-BAC-	290-320(R), or T-BAC-K450R and monitored for spreading of GFP signals (see text). GFP images (left panels) and their phase-contrast
images (right panels) were photographed at 4 weeks after electroporation. Representative images from at least three independent experiments are
shown. HF cells that received T-BAC-	290-320 usually gave no GFP-positive cells in most microscopic fields. The image shown in panel C was
selected to include three GFP-positive cells, demonstrating that the few GFP-positive cells did not spread into the surrounding cells.

6540 LEE ET AL. J. VIROL.



regulation of transcription, perhaps including the pathways
needed for interferon to induce an antiviral state. Indeed,
Chee et al. (15) have recently shown that PML mediates in-
terferon-based antiviral effects against HSV-1. POD disruption
by viral IE nuclear regulatory proteins expressed very early in
infection almost certainly assists in the progression of produc-
tive infection by modulating aspects of both viral and cellular
gene expression pathways and would obviously be advanta-
geous if it also contributed to blocking of interferon-mediated
pathways. The underlying detailed mechanism of IE1-depen-
dent desumoylation of PML and identification of other poten-
tial target cellular (or viral) genes affected by POD disruption
by IE1 remain worthy subjects for further investigation.
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